Purpose: To demonstrate the application of scanning electron microscopy with energy-dispersive x-ray spectroscopy (SEM/EDS) for analyzing Schirmer strips for particle concentration, size, morphology, and type distribution.
S
canning electron microscopy (SEM) coupled with energydispersive x-ray spectroscopy (EDS) are well-established techniques that have extensively been used in biomedical research, including biological samples (such as cells, bacteria, and viruses) and characterization of particulate matter (PM) samples. [1] [2] [3] A systematic review of the applications of SEM/ EDS is provided in the supplementary online material (see Table S1 , Supplemental Digital Content 1, http://links.lww. com/ICO/A500). Although adverse effects of PM in cardiopulmonary disease have been subjected to intensive research scrutiny, little research is available on the role of PM in ocular surface disease (OSD). This article provides a novel application of SEM/EDS to study the ocular surface PM, which can play an important role in OSDs and disorders. 4 We are constantly exposed to airborne PM through inhalation, ingestion, dermal contact, and ocular surface contact. PM exposure can lead to oxidative stress, which can activate innate responses and a downstream cascade of biophysiological changes including inflammation and lipid peroxidation. [5] [6] [7] [8] Most studies have focused on understanding the relationship between short-and long-term PM exposure and cardiopulmonary disease. 9, 10 For example, PM exposure is implicated in reduced lung function, asthma, and stroke. [11] [12] [13] However, knowledge of the effects of PM on the cardiopulmonary system cannot be directly extrapolated to other disease, such as disease of the ocular surface, because of differing anatomy and physiology. First, in cardiopulmonary disease, airways and circulatory systems are constantly exposed to PM through inhalation. Fine particles, #2.5 mm in aerodynamic diameter, can reach the alveoli and become part of the circulatory system, whereas large particles, .2.5 and #10 mm, are deposited in the airways. Conversely, particles, especially of large sizes, can remain on and affect the health of the ocular surface, and small particles may reach conjunctival vessels, though at a slower rate than in airways. Second, mechanisms by which PM affects ocular surface cells are potentially different from those of cardiopulmonary disease. For example, PM loading (depending on the particle size) can cause abrasions (through blinking and rubbing eyes) on the ocular surface in addition to oxidative stress, which does not happen in the airways. 4 Exposure to PM (depending on chemical composition) can alter the lipid profile of tears, directly affecting the stability of the tear film. 14 Furthermore, unlike airways that are covered with a thick layer of mucosa, the ocular surface is covered with a thin tear film. Therefore, scavenging, deposition, and penetration mechanisms of PM are likely to be different across airway and ocular surfaces. Finally, exposure time differs because the ocular surface is exposed to PM only during waking hours, whereas PM exposure in the lungs occurs day and night. While eyes are closed, new PM exposure does not take place. However, PM previously trapped on the ocular surface may continue causing oxidative stress.
Based on biologic plausibility, it is not surprising that epidemiological studies have found significant association between elevated PM exposure and dry eye. 4, 15, 16 These studies have been limited to measuring total PM mass without analyzing specific particle information. Toxicity of PM, however, is not uniform and largely depends on characteristics, including concentration, size distribution, chemical composition, and particle morphology. 17 A precise understanding of particle concentration, size, and type distribution on the ocular surface is critical to evaluate the effects of PM exposure on the ocular surface. The goal of this article is to present a methodology to characterize PM loading, type, shape, and size distribution on the ocular surface using SEM coupled with EDS.
METHODS AND MATERIALS
The study was conducted in accordance with the principles of the Declaration of Helsinki and complied with the requirements of the United States Health Insurance Portability and Accountability Act and was approved by the Miami Veterans Affairs (VA) Institutional Review Board.
Study Population
Six patients without overt eyelid or corneal abnormalities were recruited from the Miami Veterans Affairs (VA) Healthcare System eye clinic, and they underwent a complete ocular surface examination. Exclusion criteria were contact lens use, history of refractive surgery, ocular medications with the exception of artificial tears, an active external ocular process, cataract surgery within the last 6 months, or any glaucoma or retinal surgery in the past. Informed consent was obtained from all study participants.
Data Collection
Patients completed survey questions and underwent an ocular surface examination of both eyes, which included the following: 1) measurement of tear breakup time (5 mL fluorescein placed, 3 measurements were taken in each eye and averaged); 2) measurement of corneal epithelial cell disruption through corneal staining [National Eye Institute (NEI) scale, 18 5 areas of the cornea were assessed; score 0-3 in each, 15 total]; and 3) Schirmer test using Schirmer strips with anesthesia.
SEM/EDS Protocol
To prepare samples for analysis, the 5-mm round tip of the Schirmer strip that contacted the ocular surface was cut and placed on a metallic SEM/EDS stub under a vacuum FIGURE 1. Control and exposed Schirmer strips under SEM. A, Control sample: Schirmer not exposed or used to collect tears. B, Fragmented unknown particle from SEM sample 4Y (exposed).
hood. The metallic stubs were covered with an adhesive carbon film to provide a suitable field for analysis. All samples were coated with palladium using the sputter coating method to reduce microscope beam damage to the samples, increase thermal conduction, reduce sample charging, improve secondary electron emission, reduce beam penetration with improved edge resolution, and protect beamsensitive specimens. 19, 20 One unexposed (control) Schirmer strip was analyzed to understand the background structure of the strip (Fig. 1A ) and to establish a basis for comparison with the PM on Schirmer strips (Fig. 1A ). The coated samples were then mounted in the SEM/EDS device for follow-up analysis. The vacuum pump was first initiated for adequate filtration of the sample space. The electron beam was then turned on to begin viewing each sample.
Data Analysis
The 2000 model of the FEI XL-30 Field Emission ESEM/SEM, which has an interface with Windows NT software (FEI MCNT UI), was used for the analysis of the samples. This model has a magnification range of 100· to 100,000·. An onboard field-emission gun tip provides a very narrow diameter electron beam, resulting in very highresolution imaging. This instrument is also equipped with an EDS/x-ray spectrometer. For this study, the electron beam was focused on the entire palladium-coated field of each 5-mm Schirmer strip. The entire sample field was then scanned manually, and every detectable particle was analyzed to assess the particle load, size, morphology, and type (ie, chemical composition). First, the total number of particles was counted manually by systematically browsing the entire sample. Next, each particle size was measured using the built-in tool in the software (Windows NT FEI MCNT UI) that allows drawing multiple axes on each identified particle (Fig. 2) , and elemental composition of each particle was determined using EDS (Fig.  3) . Although spherical/elliptical particles were easy to measure with major and minor axes, multiple axes were overlaid on irregular-shaped particles to compute the average size of the particles. Moreover, the morphology of some particles was difficult to assess because of degradation and fragmentation of particles, especially organic particles, for example, pollens (Fig. 4A) . EDS was used to assess the amount of nonorganic elemental composition of each particle. The EDS technique detects x-rays emitted from the sample during bombardment by the electron beam to characterize the elemental composition of the analyzed volume. 21 All particles that were EDS positive were labeled as nonorganic (Fig. 4B) , and the rest except pollens were labeled as organic. Like all the samples, the unexposed blank sample was also analyzed to establish the background image of the sample (Fig. 1A) .
RESULTS
Demographic characteristics of the subjects are presented in Supplemental Digital Content 1 (Table S2 , http:// links.lww.com/ICO/A500) and the ocular surface examination findings and the corresponding particle characteristics in Table 1 . As expected, no particles were detected on the field blank. However, all 6 exposed samples showed particle loading, ranging from 1 to 33 particles. Mostly, coarse particles were observed with an average particle size of 19.7 mm (SD 4.7 mm; range 3.7-140 mm). All samples had organic particles, and 5 of the 6 samples also showed nonorganic particles (Table 1) . Most organic particles were unidentifiable because of degradation, although some were found to be pollen particles. The nonorganic particles were composed of silicon, minerals, and metals, including gold and titanium. The size of aluminum (4b) and iron particles was $62 mm, whereas the size zinc and gold was ,20 mm (Table 2 ). Most metal particles were elongated, compared with the organic particles including pollens that were round (Fig. 4A) . Although the sample size was relatively small to draw any meaningful statistical inferences, different signs of OSD were compared with respect to particle characteristics. With the exception of one sample (subject no. 1), tear production (measured by the length of wetting of Schirmer strips) was higher for samples with 9 or more particles (mean = 17.6 mm, SD = 7.2 mm; mean = 27.3, SD = 6.3; P;0.079); and the average particle size on these samples was #27.7 mm, suggesting greater tearing with the elevated concentration of PM loading. Two samples with the highest particle loading (ie $17) also had the highest tearing level (31 mm) ( Table 1) .
DISCUSSION
Application of SEM/EDS is becoming increasingly important in biomedical research. 22 A review of these applications is summarized in the supplementary online material. This study demonstrated application of SEM/EDS to successfully ascertain concentration, size, chemical composition, and morphology of PM on Schirmer strips, which has important implications for advancing research on the effects of PM on the OSD. There is overwhelming evidence that PM exposure leads to oxidative stress with a downstream cascade of biological responses that have been implicated in both circulatory and pulmonary diseases. 23 For example, PM2.5 exposure has been found to contribute to the development of atherosclerosis, 24 facilitate vasomotor dysfunction and plaque progression, 25 thicken alveolar walls, and increase both serum and lung homogenates 26 because of its prooxidant and proinflammatory properties. Assessment of PM on the ocular surface will enable researchers to assess biological manifestations of PM exposure on the ocular surface.
There is biologic plausibility that particles found on the Schirmer strips can affect ocular surface health. For example, PM exposure can cause both oxidative stress and physical abrasions, with subsequent proinflammatory effects. 4 Nonorganic coarse particles, in particular, have greater potential to abrade the ocular surface, and this effect can be potentiated by eye rubbing. 4 Organic particles, such as pollens, contain allergenic proteins that can also induce a proinflammatory response. 27 Although the results of this research are encouraging, these results must be interpreted in the light of the limitations of this study, which include a small sample size, a specific population, and technical concerns (eg, assessing only the Schirmer bulb as opposed to the entire strip). Because some particles can be deposited on other parts of the strip, the analysis of the Schirmer bulb alone might have underestimated the particle loading on the strips. Furthermore, some of the particles were fragmented, which made it difficult to assess the particle count, size, and morphology. However, a detailed comparison could be made between fragmented particles and intact particles to ensure correct classification of exposure. Despite these limitations, we demonstrated the feasibility of PM characterization on Schirmer strips, which has potential implications to enhance the study of the role of the microenvironment in OSD. Future studies will be needed to analyze the entire Schirmer strip and automate SEM/EDS 28 because in this study, all samples were analyzed manually, which was a time-consuming and labor-intensive process (;3 hours per sample). Although this was the first attempt to demonstrate the applicability of SEM/EDS as a useful modality to assess PM exposure on the ocular surface, future studies should be geared toward assessing the role of the 
